Heterostructured multilayers have been controversially reported to alter the oxygen ion conductivity of solid electrolytes by inducing interfacial mechanical strain.
Introduction
ZrO 2 -based materials have been widely used as the electrolyte for solid oxide fuel cells (SOFCs) due in part to their very high mechanical and chemical durability. [1] [2] [3] The most representative and best known example is yttria-stabilized zirconia (YSZ). 4 Traditionally processed ceramic YSZ achieves sufficient oxygen ion conductivity (0.01 S/cm) for SOFC operation at temperatures over 800 °C. 1 This extremely high operating temperature decreases cell durability and increases component cost. In order to decrease the operating temperatures of SOFCs to 500 °C, one of the most important requirements is to increase the low temperature oxygen ion conductivity of the electrolyte. With the rapid development of thin film fabrication techniques, numerous recent reports have been focused on the study of nanostructured multilayers or heterostructures for solid electrolytes. [5] [6] [7] [8] [9] [10] The unique interfacial effects between two oxides may have the capability to significantly alter the oxygen ion transport properties.
Azad et al. reported that conductivity increased by at least one order of magnitude in Gd 2 O 3 -doped ZrO 2 /Gd 2 O 3 -doped CeO 2 multilayers as the thicknesses of the individual layers decreased to 15 nm. 11 Later studies by Sanna et al. 12 and Li et al. 13 observed similar increases in conductivity with increasing interfacial density in multilayers composed of YSZ with Ce 0.8 Sm 2 O 2-δ and YSZ with Gd 2 Zr 2 O 7 , respectively. The defect concentration in the doped ZrO 2 and doped CeO 2 layers are relatively large such that any space charge regions at the multilayer interfaces are inconsequently small, approximately ≈1 Å. 14 Ion redistribution at the interfaces would thus have little impact on the overall defect concentrations or, therefore, oxygen ion conductivities. Instead, interfacial structures such as lattice mismatch strain were presumed to have altered the mobility of existing defects.
A systematic study of the effects of lattice mismatch strains on oxygen ion transport properties was reported previously. [15] [16] [17] [18] Multilayers were composed of 9.5 mol% YSZ and various insulating rare earth oxides (e.g., Y 2 O 3 , Lu 2 O 3 , and Sc 2 O 3 ). Unlike the previous studies, [11] [12] [13] the rare earth oxides support little oxygen ion conductivity so that only the varying strain state in the YSZ layers would be expected to affect the measured oxygen ion conduction behavior of the multilayer structure. The interfacial conductivity of the structures was found to have a log-linear dependence on the amount of strain induced in the YSZ layers. Biaxial tensile strain in the YSZ layers increased the ionic conductivity, while compressive strain decreased it. This finding was in good agreement with a theoretical model based on the pressure dependence of the free energy for vacancy migration.
Other reports have suggested less effect from lattice-mismatched multilayers.
Pergolesi et al. studied multilayers composed of YSZ and pure CeO 2 with a lattice mismatch of ≈ +5% at interfaces. 19 The putative tensile strain induced in the YSZ, however, had no effect on the oxygen ion conduction, even when the individual layer thicknesses were decreased to 5 nm. Garcia-Barriocanal et al. claimed conductivity enhancement by eight orders of magnitude in YSZ/SrTiO 3 multilayers. 20 This increase was attributed to large tensile strain (≈ 7%) in the YSZ layers, but evidence from ongoing experiments suggest that electronic conduction through the SrTiO 3 may be the true cause of the measured increases in total conductivity. [21] [22] [23] In this work, we have fabricated multilayers composed of 9 mol% YSZ and Ce 1-
x Zr x O 2 (CZO) to study the ability to create tensile strain in YSZ-based multilayers. A significant advantage of using CZO as the strain-inducing material is that it has a lattice parameter that can be continuously varied by adjusting the Ce/Zr atomic ratio. CZO adopts cubic and/or tetragonal structures when the Zr content, x is less than 0.5. [24] [25] [26] The lattice parameters of cubic and tetragonal CZO (x ≤ 0.5) are nearly the same, such that the X-ray diffraction patterns of these phases are very difficult to distinguish. 26 The existence of tetragonal phase CZO does not affect its use as a means to create lattice mismatch. The similarity in crystal structure of CZO with YSZ increases the likelihood of creating epitaxial, coherently-strained multilayer thin films. Previous work by the authors developed a unique film fabrication method that provides compositional control within the Y 2 O 3 -ZrO 2 -CeO 2 solid solution space at the single nanometer level. 27 This method was used recently to quantify a significant reduction in ionic conductivity with increasing biaxial compression in multilayers of CZO and yttria-doped ceria (YDC). 28 Here, we use highly analogous experimentation to examine if CZO can be used to create increased ionic conductivity via biaxial tension in neighboring YSZ layers.
Experimental
Thin films were reactively sputtered from single element targets of Ce, Zr, and Y (ACI Alloys, San Jose, CA) in a multi-target, magnetron sputtering machine (PVD Products, Wilmington, MA). Before film deposition, the main sputtering chamber was evacuated to a background pressure less than 1. Multilayer thin films were deposited using a software module controlling this sputtering system. Layers were sputtered sequentially with a control program that determined the power applied to each target and/or the toggling of desired target shutters.
The details of characterization and verification of the multilayer structures were reported previously by the authors. Recently, there is a concern of using electrodes deposited on the top surface of film to measure the resistance of the whole multilayer. S/cm. 30 On the other hand, the electrical conductivity of CZO was not so small and in the order of 10 -4 S/cm at 650 °C. 31 This conductivity value was about 1.5 orders of magnitude less than that of YSZ at the same temperature. These CZO layers, therefore, are not so highly resistive as to block the current path from penetrating through the entire thickness of the multilayer. The current in this work was considered not to remain confined just to the top or the first layer of YSZ.
Results and discussion
Three different sets of multilayers composed of 9 mol% YSZ with CeO 2 , with 38 A 5 nm-thick YSZ was deposited first as a buffer layer to create epitaxial growth of the multilayer. The structure of the multilayer films can be described as three different samples were prepared, as described in Table 1 . Four other single-layer Previous work by the authors on multilayers of YDC and CZO found that as the individual layer thickness decreased, a superlattice diffraction pattern appeared and then, upon further thickness reduction to 5 nm, almost gave way to a single, sharp, very highintensity peak. 28 This indicated that the whole multilayer could be characterized by a single lattice parameter and that the YDC layers were effectively compressive straining with the CZO layers. In this work, two distinct peaks remain for the N=3 multilayers, and a superlattice pattern remains with satellite peaks clearly identified for the N=10 multilayers. These results give clear indication that two distinct lattice parameters remain even for the thinnest individual layer thickness of 5 nm.
Moreover, the appearance of clear and sharp satellite peaks indicates the formation of high-quality, well-defined interfaces between the constituent layers. The undoped CeO 2 possesses relatively low oxygen ion conductivity, on the order of 10 -3 at 650 °C 39 . The addition of Zr into CeO 2 to form CZO further decreases the conductivity due to the reduced vacancy mobility. 40 The electrical conductivity of the CZO, therefore, is at least one order of magnitude less compared to that of YSZ. The contributions from the CZO and 5-nm thick YSZ buffer layer to the overall electrical conduction can be likely neglected. The overall conductivity of the multilayers in this work, σ, was calculated based on R1, the electrode geometry, and the total thickness of YSZ within the multilayer according to the equation of 1 (
in which w represents the inter-space between two electrode fingers (w = 100 µm), L represents the thickness of YSZ layers within the multilayer, t denotes the total perimeter length of the electrodes (t ≈ 115 mm). The single layer and multilayer YSZ films are believed to have adopted similar columnar structures, and thus any effects of the existence of grain boundaries would be felt across all of the measured films. It is possible that the effects of tensile strain that we seek to find in this study could be masked by a grain boundary conductivity that is both very low and unaffected by strain. However, no such difficulties plagued the previous, highly parallel study in reference 28 , where both grain boundaries and strain effects were conclusively found. These results compare very well to those reported by Pergolesi et al. 19 on a similar study of multilayers composed of YSZ and CeO 2 . In that study, the authors found no change in conductivity of YSZ even with individual layer thickness decreased to 5 nm.
The slightly decreased conductivity for N = 10 in this work, similar to what was found in our previous study of YDC/CeO 2 multilayers, may be due to non-zero roughness at the interfaces. 28 As shown in Figure 3 The conduction behavior of the multilayers can be better understood by deconvoluting the conduction paths through the YSZ layers into two independent, parallel parts. 41 The first pathway is through the volume or bulk region, and the second pathway is through the region close to the interface. The relationship between the total conductivity and the volume and interfacial conductivities is derived as conductivities. In our previous study of YDC/CZO multilayers, the total conductivity reduced in a roughly log-linear fashion as the individual layer thickness decreased to 5 nm, and so the interfacial region was assumed to be around 2.5 nm thick. 28 We assume interfacial lattice mismatch of ≈ +3% correlated to significant increases in conductivity. 15 The total conductivity gradually increased by a factor of about 2 as the YSZ layer thickness decreased from 526 nm to 24 nm. At the same time, the activation energy decreased from 1.13 eV to 0.99 eV, suggesting that the strain was effectively increasing vacancy mobility. In this work, we studied three different types of YSZ/CZO multilayers, but the tensile lattice mismatch caused very little effect on the oxygen ion transport properties.
The XRD patterns shown in Figure 2 indicate that the out-of-plane lattice parameters for YSZ were essentially unaffected across the range of lattice mismatch magnitudes and layer thicknesses employed in this study. The > +5 % lattice mismatch between YSZ and pure CeO 2 makes it likely that the strain was released by the creation of non-coherent interfaces in these multilayers. It is not surprising then that, as in reference 19 , no change in conductivity was measured. multilayers. It is more surprising that no change in conductivity was measured in the YSZ/CZO45 multilayers, since the references 13, 15 suggest that YSZ was capable of accommodating this magnitude of lattice mismatch strain. Thus, we conclude that lattice mismatch strains of ≈ +3 % are close to a maximum practically achievable limit for YSZ, with the creation of coherent interfaces dependent on processing details.
Continued research with high resolution transmission electron microscopy would enable visualization of the mechanism behind the strain relaxation. Based on the results discussed here, the insignificant effect of tensile lattice mismatch on the oxygen ion conductivity is due to strain relaxation even at "low" values of lattice mismatch and is not due to the lack of a mechano-electrochemical coupling effect. Reports of significantly greater tensile strains being accommodated in YSZ, therefore, must be treated with caution. Results from multilayers composed of doped ZrO 2 and doped CeO 2 that have been reported in the literature 11, 12 (e.g., YSZ and Ce 0.8 Sm 2 O 2-δ ) suggested that significant increase in conductivity can be derived due to > +5% lattice mismatch. It is difficult to believe that such large tensile strains could be accommodated in YSZ.
Conclusion
In this work, we studied the effects of tensile lattice mismatch on oxygen ion conductivity in multilayers composed of YSZ with CeO 2 , CZO30, and CZO45 with layer thicknesses ranging between 5 nm and 35 nm. Very little conductivity change was found in the multilayers, with values near that of bulk YSZ. Based on the calculated out-ofplane YSZ lattice parameters and the strong superlattice peaks in the diffraction patterns, it is believed that the lattice mismatch strain in the multilayers has been relaxed by the creation of incoherent interface structures. For YSZ/CZO45 multilayers, the lattice mismatch of +2.9%, is very similar as that of previously reported YSZ/Y 2 O 3 multilayers, suggesting that biaxial strains of this magnitude represent a rough upper practical limit.
